Introduction {#s1}
============

An individual's health, survival, and fertility can be profoundly shaped by its early life environment ([@bib82]). For example, in humans, low early life socioeconomic status predicts increased risk of mortality and many measures of poor health in adulthood ([@bib64]; [@bib14]; [@bib49]; [@bib76]; [@bib30]; [@bib57]; [@bib83]; [@bib50]; [@bib31]). Similarly, several studies of wild mammals and birds ([@bib54]; [@bib25]; [@bib66]; [@bib69]; [@bib38]; [@bib12]; [@bib60]) find that adult fecundity is reduced in animals that experienced adverse early life environments, and some have also found an effect of early life adversity on adult survival ([@bib66]; [@bib69]; [@bib38]; [@bib81]).

If the effects of early adversity extend to the descendants of exposed individuals, the epidemiological and evolutionary impact of these effects would be further amplified. However, in humans, evidence that intergenerational effects stem directly from parental experience is mixed, as studies have produced somewhat contradictory results ([@bib84]; [@bib67]; [@bib45]; [@bib68]). For example, a study of the historical Överkalix population in Sweden identified strong, contrasting effects of grandparents' exposure to early-life food scarcity on grand-offspring survival, depending on small differences in the age at which the grandparent was exposed to scarcity ([@bib68]). Similarly, two studies of a population that was exposed in utero to the Dutch hunger winter (a famine that resulted from a German blockade of the Netherlands during the winter of 1944--1945) found contradictory, sex-specific intergenerational effects, in one case suggesting an intergenerational effect that depended only upon the mother's early experience ([@bib67]), and in the other case an effect that depended only upon the father's early experience ([@bib84]).

Compelling evidence for intergenerational effects of early adversity faced only in the parental generation comes from numerous laboratory studies of short-lived animals, which find strong relationships between a female's early life environment and the body size of her offspring ([@bib41]; [@bib4]; [@bib37]; [@bib33]; [@bib77]; [@bib13]; [@bib73]; [@bib86]; [@bib29]; [@bib44]; reviewed in [@bib18]; but see [@bib17] for a rare example in the wild on house wrens). These findings provide important evidence that intergenerational effects of early adversity can occur. However, these studies do not address whether intergenerational effects of early adversity, independent of parent-offspring environmental correlations, occur in natural populations of long-lived animals. And while a few studies of short-lived captive animals have demonstrated a relationship between a female's early environment and her offspring's survival or reproduction ([@bib42]; [@bib65]; [@bib58]), the ecological validity of these findings has yet to be verified by studying intergenerational fitness effects in a population of wild and/or long-lived animals. In wild populations, animals are exposed only to natural, unmanipulated levels of early adversity, and are also subject to any social factors which might mitigate or aggravate the influence of those early adverse events.

Addressing whether the effects of early adversity in one generation affect reproduction or survival in the next is challenging because of the difficulties of linking high-quality data on early adversity in one generation to health and survival outcomes in the next. Here, we overcome these challenges by taking advantage of a prospective longitudinal dataset from a natural primate population: the baboons of the Amboseli ecosystem in southern Kenya ([@bib3]). This dataset includes 45 years of individual-based data on early adversity, and real-time observations of later-life survival outcomes for hundreds of subjects with known maternities and grand maternities. Moreover, unlike many human populations, we do not observe inter-generational transmission of adverse conditions; that is, offspring of females who experienced early life adversity are not more likely to experience early life adversity themselves (except in the case of inheritance of low social rank, see below), allowing us to avoid this common confound in human societies.

To test for intergenerational effects of early adversity, we focused on early adversity experienced by female baboons who later became mothers, and whose offspring were also in our dataset. We asked whether the early adversity experienced by these females ('maternal early adversity') predicted the survival of their juvenile offspring in the next generation, after controlling for the early adversity directly experienced by the offspring themselves.

We considered five types of early adverse conditions ([Table 1](#table1){ref-type="table"}), based on previous work in our study population that demonstrated effects of these conditions on a female baboon's own adult survival ([@bib81]). These included: (i) maternal death during development (0--4 years of age), which indicates the loss of an important source of social support, physical protection, and nutrition ([@bib6]; [@bib53]), (ii) being born to a low-ranking mother, which influences growth rates and age at maturation ([@bib20]; [@bib9]; [@bib7]) (iii) being born into a large social group (and thus experiencing high density conditions and high levels of within-group competition) ([@bib54]; [@bib20]; [@bib10]) (iv) being born during a drought, which reduces fertility in adulthood ([@bib54]; [@bib15]), and (v) experiencing the birth of a close-in-age younger sibling, which may reduce maternal investment received during development ([@bib5]). Importantly---and in contrast to research on humans ([@bib28])---sources of early adversity are not strongly correlated in our population, which allows us to measure the independent effects of different sources of adversity ([Supplementary file 1](#supp1){ref-type="supplementary-material"} Table S1).
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###### Early adverse conditions and the frequencies with which they occur in maternal and offspring generations of our dataset.

  Adverse Condition^\*^             Criterion                                                                                                                                                        Frequency   
  --------------------------------- ---------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------- ------
  Drought                           During the first year of life, the focal individual experienced less than 200 mm of rainfall (i.e., drought conditions; [@bib15]).                               0.09        0.15
  High Social Density               The individual was born into a group with a high social density (\>35 adults), indicating high levels of within-group competition.                               0.06        0.32
  Maternal Loss                     The mother of the focal individual died within four years of the individual's birth.                                                                             0.21        0.25
  Low Maternal Rank**^†^**          The focal individual was born to a mother with a low social rank (mother's rank fell in the bottom quartile of the group's dominance hierarchy, rank \< 0.25).   0.17        0.23
  Close-In-Age Younger Sibling^‡^   The focal individual had a younger sibling born to its mother within 18 months of the focal's birth.                                                             0.20        \--

^\*^These criteria were used in a previous analysis in our population ([@bib81]), with the exception of maternal rank, which is evaluated here as a proportional measure rather than an ordinal one as in the previous analysis.

^†^Proportional rank is the proportion of other adult females in a group that an individual's mother outranks. The reduced frequency with which low maternal rank appears in the maternal generation is a likely a result of offspring of low-ranking mothers surviving less well ([@bib75]), and therefore not surviving to appear as mothers in our dataset.

^‡^We excluded the birth of a close-in-age younger sibling for the offspring generation to avoid including a potential reverse-causal factor in our model: the closest-in-age siblings in our dataset occur as a result of the focal offspring's death, because female baboons (who are not seasonal reproducers) accelerate their next conception after the death of a dependent offspring.

Results {#s2}
=======

We built a mixed effects Cox proportional hazards model of offspring survival during the juvenile period that included early adversity measures present in the mother's and the offspring's early life as binary fixed effects. We defined the juvenile period based on survival until age 4, near the age of menarche for females and earliest dispersal for males in this population ([@bib20]). We included data on maternal early adversity for all five adverse early life conditions, and we included data on offspring early adversity for four of the five conditions. We excluded the birth of a close-in-age younger sibling for the offspring generation to avoid including a potential reverse-causal factor in our model. Specifically, the closest-in-age siblings in our dataset tend to occur *as a result of* the focal offspring's death, because female baboons (who are not seasonal reproducers) quickly conceive again if they lose a dependent offspring. In these cases, early mortality would be correlated with short interbirth intervals, but only because the offspring's death predicts subsequent production of another infant, not because short interbirth intervals constitute a form of adversity. We included maternal and grandmaternal ID as random effects. In total, we used data collected from 1976 to 2017 to analyze the survival of 687 offspring (46.5% males) born to 169 females (mean 4.1 offspring per female, range 1--12) for whom we had data on all five adverse conditions in the mother's early life, and all four adverse conditions in the offspring's early life.

Each adverse condition was scored as present or absent for each subject, and each one affected a minority of our study subjects (range 6--34%). Mothers and offspring had similar chances of experiencing adverse conditions, except for social density: offspring were more likely than mothers to be born into large social groups because of population growth over the 5-decade study period ([Table 1](#table1){ref-type="table"}). Unlike typical patterns of early adversity in human populations ([@bib28]), different sources of early life adversity in our population were not strongly correlated with each other: no adverse condition explained more than 4% of the variance in any other condition, either within or between generations, with the exception of maternal rank in the mother and offsprng's generation (p\<0.0001, r^2^ = 0.16) ([Supplementary file 1](#supp1){ref-type="supplementary-material"} Table S1).

Maternal Early Life Adversity and Offspring Survival {#s2-1}
----------------------------------------------------

Our full multivariate Cox proportional hazards model for offspring survival ([Supplementary file 1](#supp1){ref-type="supplementary-material"} Table S2) included all nine early adverse conditions (five for mothers and four for offspring). We found strong negative effects of two characteristics of the *mother's* early life environment on their offspring's survival during the first 4 years of life: maternal loss (hazard ratio = 1.48, p=0.006) and presence of a close-in-age younger sibling (HR = 1.39, p=0.03). Following backwards model selection (performed by removing the parameters with the highest p values until only predictors with a p-value\<0.05 remained), these two characteristics remained the only significant maternal early life predictors of offspring survival ([Table 2](#table2){ref-type="table"}, [Figure 1](#fig1){ref-type="fig"}, along with two conditions in the offspring's early life environment: see below). Adding maternal age, offspring sex or interactions between maternal age or offspring sex and sources of maternal adversity did not improve the fit of the model ([Supplementary file 1](#supp1){ref-type="supplementary-material"} Tables S3-S5).

![Offspring survival was influenced by characteristics of their mothers' early-life environments.\
Offspring survived relatively less well during the juvenile period if (**A**) their mother lost her own mother during her early life and/or (**B**) their mother experienced a close-in-age younger sibling. An alternative visualization of the data (**C**) shows an equivalent pattern when mothers, rather than offspring, are treated as the unit of analysis.](elife-47433-fig1){#fig1}
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###### Reduced model of the effects of maternal and offspring early adversity on offspring survival during early life (R^2^ = 0.07).

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Generation                     Parameter^\*^   Coefficient    Hazard ratio\   P value                                                                                                 Interpretation
                                                                (95% CI)                                                                                                                
  ------------------------------ --------------- -------------- --------------- ------------------------------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------
  *Maternal*                     Maternal Loss   0.37           1.44\           **0.009**                                                                                               Offspring survive less well if their mother experienced maternal loss during her early life.
                                                                (1.10--1.90)                                                                                                            

  Close-in-age Younger Sibling   0.35            1.42\          **0.018**       Offspring survive less well if their mother had a close-in-age younger sibling during her early life.   
                                                 (1.06--1.90)                                                                                                                           

  *Offspring*                    Maternal Loss   0.68           1.98\           **3 × 10^−7^**                                                                                          Offspring survive less well if they experienced maternal loss within four years of their birth.
                                                                (1.53--2.56)                                                                                                            

  Low Maternal Rank              0.43            1.54\          **0.002**       Offspring survive less well if they were born to a low-ranking mother.                                  
                                                 (1.17--2.01)                                                                                                                           
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

^\*^An alternative model that considered cumulative maternal adversity was not a better or worse fit than the reduced multivariate maternal adversity model (see [Supplementary file 1](#supp1){ref-type="supplementary-material"} Table S6. For both the model presented here and that in [Supplementary file 1](#supp1){ref-type="supplementary-material"} Table S6, R^2^ = 0.07, log likelihood = −1598).

In sum, offspring whose mothers experienced early maternal loss experienced a 48% higher probability of dying throughout the first four years of life than unaffected offspring, and offspring whose mothers had a close-in-age sibling experienced a 39% higher probability of dying than unaffected offspring. This effect is striking especially considering that a median of 7.0 and 8.0 years separated the offspring's own birth from the mother's experience of maternal loss or birth of a close-in-age sibling, respectively. A similar pattern holds if mothers, rather than offspring, are treated as the unit of analysis: mothers who experienced early adversity have lower average offspring survival than mothers who did not (see [Figure 1c](#fig1){ref-type="fig"}).

Notably, previous work in our population found that these two sources of adversity---maternal loss and the presence of a close-in-age younger sibling during early life---are also sources of mortality risk once females reach adulthood, and in fact are the two strongest predictors of adult survival among six different early-life conditions considered ([@bib81]). Hence, early-life conditions that are especially adverse for females when they reach adulthood also negatively affect the survival of their offspring.

Both the full and reduced models of offspring survival also included two conditions in the *offspring's* early life environment as significant predictors of juvenile survival. Specifically, maternal loss experienced by the offspring and low maternal rank during the offspring's juvenile period had strong negative effects on offspring survival ([Supplementary file 1](#supp1){ref-type="supplementary-material"} Table S2, maternal death: Hazard Ratio = 1.95 \[1.51--2.54\], p=5×10^−7^, low maternal rank: Hazard Ratio = 1.43 \[1.05--1.94\], p=0.025). Thus, maternal loss in the offspring's generation had a stronger effect on offspring survival (nearly doubling offspring mortality risk) than maternal loss in the mother's generation. In contrast, the effect of having a low-ranking mother, which was associated with a 43% increase in offspring mortality risk, was comparable in its effect size to the two significant predictors from the maternal generation (maternal loss and close-in-age sibling for the mother, 48% and 39% increase in offspring mortality, respectively). Thus, two adverse conditions in a mother's early life had as large or larger of an impact on her offspring's survival than all but one adverse condition experienced by the offspring directly.

Maternal Viability and Offspring Survival {#s2-2}
-----------------------------------------

The strong effect of the mother's death on offspring survival prior to four years ([Table 2](#table2){ref-type="table"}) is unsurprising at first consideration: the most obvious explanation for this effect is that offspring depend upon their mothers, so that if the mother dies the offspring is also likely to die at the same time or die subsequently. Indeed, this sequence of events does occur in our population: of the 32 offspring that were alive and less than eight months old when their mother died, 31 (97%) died before reaching one year of age.

However, offspring death could also precede maternal death if it acts as a *harbinger* of the mother's death, as opposed to a *consequence* of it. In this scenario, offspring mortality risk is increased because their mothers are in poor condition and hence unable to provide adequate care or resources to the offspring. This hypothesis therefore proposes an alternative causal chain from poor maternal health to offspring death, which would occur while the mother is still alive.

To examine whether this phenomenon occurs in our study population, we modeled offspring survival to age 2 years (halfway through the juvenile period) as a function of maternal death during years 2--4 after an offspring's birth (i.e., the two years that *followed* the offspring survival period modeled in the response variable). In this analysis, we considered only the subset of offspring in our dataset whose mothers survived the entire first two years of the offspring's life, and for whom we were able to evaluate the four significant predictors of offspring survival identified above and in [Table 2](#table2){ref-type="table"} (N = 671). Our results were striking: offspring were less likely to survive during the first two years of life if their mothers died 2--4 years after their birth. In other words, these offspring were more likely to die even when their mother was still present (hazard ratio = 1.50 \[1.01--2.23\], p=0.045).

To test for a role of maternal early adversity in this effect, we next partitioned our analysis of offspring survival to age two based on whether the mother experienced either maternal loss or a close-in-age younger sibling (i.e., either or both of the two maternal early life conditions that significantly predicted their offspring's survival; [Table 2](#table2){ref-type="table"}). We found that, among offspring whose mothers experienced either or both of these two adverse events (N = 247), maternal death in years 2--4 after the offspring's birth significantly predicted reduced offspring survival to age 2 years ([Figure 2a](#fig2){ref-type="fig"}, hazards ratio = 1.78, 95% CI = \[1.05--3.01\], p=0.034). Maternal death in the same period did not, however, predict reduced offspring survival when mothers had not experienced maternal loss or a close-in-age younger sibling (N = 424; [Figure 2b](#fig2){ref-type="fig"}, hazard ratio = 1.21, 95% CI = \[0.7--2.2\], p=0.53). Hence, the pattern we observed when analyzing the full data set of offspring that survived to age 2 (N = 671) is completely driven by the offspring of mothers who experienced substantial early adversity. This finding is consistent with the hypothesis that maternal early life adversity results in compromised maternal condition in adulthood, which in turn results in both earlier death for adult females and a reduction in their ability to successfully raise offspring towards the end of their lives (i.e., a maternal effect on the offspring generation).

![Effects of maternal adversity on offspring survival are explained by reduced maternal viability.\
(**A**) Among those offspring whose mothers experienced significant early life adversity (maternal loss and/or a competing younger sibling), poor offspring survival from ages 0--2 (while the mother was still alive) was predicted by maternal death in years 2--4 after the offspring's birth. (**B**) In contrast, there was no relationship between offspring survival in the first two years of life and maternal death in years 2--4 for the offspring of mothers who did not experience early life adversity.](elife-47433-fig2){#fig2}

Discussion {#s3}
==========

We have demonstrated that adverse environmental conditions during the early life of a female baboon, which are already known to negatively affect both her survival ([@bib81]) and her reproduction ([@bib54]) in adulthood, also reduce the survival of her offspring. Importantly, this effect is independent of the environment experienced by those offspring themselves ([Figure 1](#fig1){ref-type="fig"}). The reduction in offspring survival is likely linked to reductions in maternal viability: mothers that experienced early life adversity are significantly less able to successfully raise offspring born near the ends of their lives, while the same is not true for mothers that did not experience early life adversity ([Figure 2](#fig2){ref-type="fig"}). Together, these findings support the hypothesis that early life adversity produces constraints during development that lead not only to reduced adult survival and lifetime reproductive success ([@bib81]) but also to a reduced ability to successfully raise those offspring that are produced ([Figure 2a](#fig2){ref-type="fig"}). We did not identify any sex-specific intergenerational effects of maternal early adversity.

The results reported here help to fill a key gap in the literature concerning the intergenerational effects of early life adversity on survival. Human studies have yielded inconsistent results on this topic thus far when maternal and offspring environments are not correlated: different studies on the same populations have reported contradictory sex-specific effects on health ([@bib84]; [@bib67]) or have found that small differences in the age at which subjects' parents or grandparents were exposed to adversity can lead to a reversal in the direction of these effects ([@bib45]; [@bib68]). Among studies in non-human animals, several studies in fish ([@bib24]; [@bib85]), reptiles ([@bib88]), birds ([@bib16]; [@bib71]), and ungulates ([@bib19]; [@bib79]; [@bib47]; [@bib22]; [@bib21]) have found that parental body condition at the time of offspring birth influences offspring survival, but none have linked parents' early adverse experiences to offspring survival. Additionally, while previous studies have identified effects of parental early adversity on offspring traits in a limited number of captive, short-lived systems ([@bib18]; [@bib42]; [@bib65]), ours is the first to link parental early adversity to an important component of offspring fitness in a wild, long-lived animal.

Our findings help to explain the persistence of health deficits across generations ([@bib1]; [@bib46]; [@bib23]), by revealing that in long-lived primates, the early life experiences of mothers have important implications for offspring health and survival. Recent studies in humans have demonstrated that conditions experienced by mothers during pregnancy (e.g., low SES, psychosocial stress, mood dysregulation, prenatal smoking) can affect HPA axis regulation ([@bib78]; [@bib26]) and birthweight ([@bib1]; [@bib46]) in her offspring. These and other maternal characteristics present during pregnancy are influenced not only by mothers' experiences in adulthood, but also by the long-term effects of environmental conditions experienced in mothers' early lives ([@bib46]; [@bib51]). Our findings therefore motivate future work to test for comparable intergenerational fitness effects of early adversity in humans and other non-human animals.

Our findings are consistent with the hypothesis that early adversity results in intergenerational developmental constraints ([@bib54]; [@bib34]; [@bib61]; [@bib55]) and are not consistent with an intergenerational predictive adaptive response hypothesis ([@bib61]; [@bib32]; [@bib39]). Rather than being buffered against the effects of maternal loss, those offspring that experienced maternal loss and whose mothers had also experienced maternal loss were more likely, not less likely, to die, as compared to offspring that experienced maternal loss but whose mothers did not. Thus, individuals in the offspring generation experience constraints not only as a result of their own early environment, but also as a result of their mothers' developmental histories, including events that occurred years before their own conception. Our results are consistent with the hypothesis that a female's condition at the time of her offspring's conception and/or birth reflects her previous experiences, and that her condition thereby influences the development and survival of her offspring ([@bib51]; [@bib52]; [@bib56]).

Our study is unable to definitively identify the mechanism by which effects of early adversity may be transmitted from parent to offspring. However, our finding that reduced offspring survival appears to be partially mediated by reduced maternal viability suggests that the mode of transmission is most readily explained as a classic parental effect, in which early life adversity affects the phenotypic quality of the mother during adulthood, and in turn affects her offspring's development ([@bib62]; [@bib63]; [@bib72]; [@bib11]). Recently, intergenerational transmission of adversity has been discussed as a potential consequence of inherited epigenetic changes ([@bib36]). While we cannot exclude this possibility, our results are a reminder that simpler mechanisms---in this case, a classic maternal effect---may be a more parsimonious (albeit non-mutually exclusive) explanation.

Notably, the importance of both maternal death and a close-in-age younger sibling suggest that maternal investment may be key to understanding the intergenerational developmental constraints we observed. Both maternal death and the presence of a close-in-age sibling suggest a possible reduction in the amount of maternal investment that the mothers in our analysis received during their early life. Maternal loss, even after weaning, may affect a developing primate's ability to learn to forage, to avoid social harassment, and to receive social benefits, such as grooming, that are linked to health ([@bib48]; [@bib43]; [@bib2]; [@bib87]; [@bib8]; [@bib27]). Having a close-in-age sibling likely predicts a relatively early weaning event, which may reflect less maternal provisioning than would occur with more delayed weaning and a longer birth interval ([@bib40]; [@bib59]; [@bib74]). Thus, we hypothesize that mothers who lost their own mothers or had a close-in-age sibling suffered reduced energetic and social input from their mothers, which subsequently led to lifelong developmental constraints. Additionally, these females may not have had adequate time to learn from their mothers how to provide high quality maternal care later in life. While we do not routinely collect detailed data on maternal care as part of long-term monitoring, the results reported here motivate targeted analyses of how maternal adversity relates to differences in maternal care and style in future work.

Materials and methods {#s4}
=====================

Study system {#s4-1}
------------

The Amboseli Baboon Research Project is a long-term longitudinal study of wild baboons living in and around Amboseli National Park, Kenya. A detailed description of the study system can be found elsewhere ([@bib3]). Researchers have continuously collected behavioral, environmental, and demographic data from the population since 1971. All subjects are visually recognized, and near-daily censuses allow us to precisely document the timing of demographic events, including the birth and death of study individuals. Critical to this study, we have continuously collected near-daily measures of group size, daily rainfall levels (beginning in 1976), and monthly calculations of social dominance rank ([@bib35]).

Study Subjects {#s4-2}
--------------

In our analyses of offspring survival, we included all individuals who met two criteria: (i) they lived in social groups that fed exclusively on wild foods rather than having their diet supplemented with human-sourced refuse; and (ii) we were able to evaluate each of the five sources of maternal early life adversity and four sources of offspring early life adversity outlined below. Although transmission of paternal early adversity may also occur in our population, we did not consider it here because we knew paternal identities for only a subset of our study subjects and had early life data on only a subset number of fathers. Our analysis ultimately relied on data spanning more than four decades, from 1976 to 2017.

Measuring Early Life Adversity {#s4-3}
------------------------------

Previous work in the Amboseli population defined six binary indicators of early life adversity and considered a single index of cumulative adversity based on the sum of these indicators ([@bib81]). This cumulative adversity index is a strong predictor of adult lifespan: females that experienced high levels of early life adversity (i.e., a greater number of adverse early life conditions) but still survived to adulthood lived dramatically shorter lives compared to females that did not experience early adversity ([@bib81]). In addition to the five sources of early adversity discussed above, this previous analysis also considered early social connectedness (social integration versus social isolation) as a sixth source of adversity ([@bib81]). Social connectedness data are missing for some mothers who were born relatively early in the long-term study. To maximize our sample size, we therefore did not include measures of social connectedness in this analysis.

Our operational definitions for each source of adversity mirrored those used by [@bib81] for the remaining five conditions, except that here we employed measures of proportional rather than ordinal dominance rank (i.e., rank measured as a proportion of females that the focal individual dominates, rather than her ordinal rank number). We also built an index of cumulative maternal adversity, but because that model did not fit the data better than our reduced multivariate model (in contrast to the results for adult female survival; [@bib81]) we report the multivariate model in the main text. The alternative model based on cumulative maternal adversity is presented in [Supplementary file 1](#supp1){ref-type="supplementary-material"} Table S6.

Statistical Analysis {#s4-4}
--------------------

We built a mixed effects Cox proportional hazards model of offspring survival during the first four years of life using the R package coxme ([@bib80]; [@bib70]). The response variable in our model was the age at which offspring death occurred (if at all) during the first 4 years of life. We considered offspring survival to age four as the key survival period of interest because it roughly corresponds to the end of the juvenile period for baboons ([@bib20]). Offspring that survived beyond age four were treated as censored individuals who survived until at least age 4. In our models of offspring survival as a function of maternal viability ([Figure 2](#fig2){ref-type="fig"}), we altered the first model to predict survival during the first two years of life as a function of maternal survival during years 2--4 after offspring birth (see [Supplementary file 1](#supp1){ref-type="supplementary-material"} Table S7 for model syntax).

Data availability {#s4-5}
-----------------

Datasets presented in this article can be downloaded from Dryad using the following Digital object identifier (DOI): 10.5061/dryad.4hc8k1r ([@bib89]).
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Thank you for submitting your article \"Intergenerational effects of early adversity on survival in wild baboons\" for consideration by *eLife*. Your article has been reviewed by three peer reviewers and overseen by Eduardo Franco as the Senior Editor, Molly Przeworski as Reviewing Editor and three reviewers. The following individuals involved in review of your submission have agreed to reveal their identity: Zane Thayer (Reviewer \#1); Daniel Blumstein (Reviewer \#2); Chris Kuzawa (Reviewer \#3).

As you can see, all three reviewers agree that this work is an interesting and important contribution, but suggest a few additional analyses and ask for clarifications and revisions to the text. Reviewer \#3 also raises a more substantial concern about how the paper is framed, in particular in relation to the related work in humans. We include the detailed comments below to help guide you with the revisions.

*Reviewer \#1:*

This manuscript utilizes a large, longitudinal dataset on wild living baboons to investigate the relationship between early adversity experience and survival of offspring. The question is important, the data are very valuable, and the general approach is sound. That said, revisions that could further improve the quality of the manuscript.

1\) Given that there are a mean of 4.1 offspring per female, I would have liked to see a simple analysis that looked at overall fitness for mothers (% that survived to adulthood) who experienced early adversity vs. those that did not. In addition, I am wondering if parity is important, as based on the analysis in subsection "Maternal Viability and Offspring Survival" it would imply that it is. Is the relationship between parity and offspring survivorship different depending on maternal adversity experience? This is implied by the analysis described subsection "Maternal Viability and Offspring Survival" but is not actually assessed in that analysis.

2\) The logic of why short inter-birth interval is used to as a measure of early maternal adversity, but not offspring adversity, is not clear to me.

3\) I do not find the analysis with the 10-minute focal follows (subsection "Maternal Early Life Adversity and Quantity of Maternal Care") to be very helpful, as it seems unlikely that much useful information about the hypothesis can be gleaned from that short of a time. Using such data to assess how early adversity could shape maternal care is, however, a good idea, and instead of presenting this analysis I would recommend instead including a paragraph about this hypothesis/suggested method in the Discussion section as an important area of future research.

4\) In results the authors critique inconsistent sex-specific effects in human literature (Discussion section) -- but do the authors look for sex-specific effects in their analysis? Given prior research that suggests sex-differences in sensitivity to early environmental experience this seems like something important to assess.

5\) I would have appreciated seeing more of a discussion of why the authors believe the variables that came out as significant -- in particular maternal death and a short interbirth interval -- are most strongly associated with offspring survival.

*Reviewer \#2:*

This is a fascinating study that shows that early adverse experiences may have profound effects on future health and survival of free-living baboons in an exceptionally well-studied system -- the long-term Amboseli study. What\'s neat is that not all types of adverse experiences have equally profound costs and the authors identify those losses that are most costly to young baboons. Importantly, these effects are seen transgenerationally -- the offspring of deprived mothers also have detectable deficits -- a depressing but important result that changes how we should consider experiences in wildlife (and potentially humans). But there\'s more, the authors were able to specifically reject a predictive adaptive response (PAR) model (an important life history model with mixed support in other systems) which predicted that offspring of deprived mothers would do better, not worse, if they too faced early life adversity. They don\'t. Bad experiences are costly to ones\' own life prospects and ones\' offspring\'s life prospects.

This is an important paper for all of the reasons the authors articulated -- especially the identification of inter/transgenerational effects.

The statistics were generally well described. The paper was exceptionally well-written. Materials and methods: I much prefer the full multivariate approach rather than a unit-weighted approach (described in the Materials and methods section -- which has all sorts of assumptions about the relative costs of different experiences). I\'m glad these multivariate results were presented.

*Reviewer \#3:*

This is an important study demonstrating a likely intergenerational maternal effect on juvenile survival among baboons at Amboseli, one of the longest running studies of its kind. The authors use multiple decades of data and a large sample to report evidence that a female\'s early life stress experiences can influence survival of their unexposed juvenile offspring, independent of their own early life experiences. This is an important finding that extends study of multi-generational parental effects to a long-lived mammal/primate. It also provides evidence against the applicability of the predictive adaptive response hypothesis in this setting. Overall, the paper is nicely written and clear, and I have relatively minor suggestions on how to improve it.

The biggest issue that I see is in the set up and framing with respect to past literatures -- the importance of the study is framed with respect to the human chronic disease-motivated DOHaD literature, which seeks to understand the developmental contributions to late life outcomes like diabetes or CVD. This study, in contrast, focuses on juvenile mortality. The authors do not provide adequate information on the most typical causes of juvenile death. And in any case, it is hard to see juvenile mortality (which I assume ultimately traces back to factors like resource access, social capital, violence?) as a model or analogue for the types of pathways and outcomes studied by DOHaD.

Which makes me wonder whether it might be more appropriate, and more to the point, to frame the primary contribution and motivation of this paper with respect to the parental effects literature, rather than DOHaD. I see little similarity (biologically) between what is being studied here and what the DOHaD literature studies, so it feels a bit distracting to have DOHaD as the opening framing -- especially given that the authors never come back to that literature or discuss the limited insights that these findings provide into it. Another possible, generic framing is a test of the PAR idea -- these findings showing pretty clear evidence against its applicability in this case.

10.7554/eLife.47433.013

Author response

> Reviewer \#1:
>
> This manuscript utilizes a large, longitudinal dataset on wild living baboons to investigate the relationship between early adversity experience and survival of offspring. The question is important, the data are very valuable, and the general approach is sound. That said, revisions that could further improve the quality of the manuscript.
>
> 1\) Given that there are a mean of 4.1 offspring per female, I would have liked to see a simple analysis that looked at overall fitness for mothers (% that survived to adulthood) who experienced early adversity vs. those that did not.

We have added an additional visualization (now Figure 1C) that treats the mother, rather than her offspring, as the unit of analysis. We think that this figure provides a nice complement to Figures 1A and 1B and we thank the reviewer for suggesting it.

From the main text:

"Figure 1. Offspring survival was influenced by characteristics of their mothers' early-life environments...An alternative visualization of the data (C) shows an equivalent pattern when mothers, rather than offspring, are treated as the unit of analysis."

Although we have not included an additional formal analysis in the main text, we provide one below and are willing to add it to the supplement at the reviewer and editor's discretion:

We built a linear model where the proportion of each female's offspring that survived to age four is modeled as a function of the two components of maternal early adversity that significantly predicted offspring survival (maternal loss and presence of a close-in-age sibling). Such an analysis treats the mother, not the offspring as the unit of analysis. The results of this analysis mirror the analysis presented in the main text: mothers who experienced early maternal loss, a close-in-age younger sibling, or both have reduced offspring survival. These effects are independent and additive: effect of maternal loss in mother's generation = -0.17, se = 0.06, t = -2.85, p = 0.005, d.f. = 157; effect of close-in-age sibling in mother's generation = -0.13, se = 0.06, t = -2.1, p = 0.03; d.f. = 157.

> In addition, I am wondering if parity is important, as based on the analysis in subsection "Maternal Viability and Offspring Survival" it would imply that it is. Is the relationship between parity and offspring survivorship different depending on maternal adversity experience? This is implied by the analysis described subsection "Maternal Viability and Offspring Survival" but is not actually assessed in that analysis.

We interpret the reviewer's comment to specifically apply to the analysis of offspring survival to age 2, so we first discuss the importance of maternal parity in that analysis in detail, before also discussing the importance of parity for offspring survival to age 4.

The reviewer's comment about a relationship between parity and offspring survival is an interesting idea, but not one that we intended to imply in our original analysis. Based on our previous findings, parity affects offspring survival in two ways in the Amboseli baboons: (i) primiparous mothers have marginally (p = 0.056) lower offspring survival than multiparous mothers (McLean et al., in press, https://doi.org/10.1086/705810); and (ii) females senesce in their ability to promote offspring survival, such that older mothers have lower offspring survival (McLean et al., in press, https://doi.org/10.1086/705810).

Because parity is tightly correlated with maternal age in our population (r^2^ = 0.86), we therefore tested whether maternal senescence could better account for the effects of impending maternal death on offspring survival to age 2. Adding maternal age as an additional fixed effect in the models of offspring survival to age 2 did not improve our models (p=0.64 for maternal age among mothers that experienced early adversity and p = 0.43 among those that did not).

We have provided the outputs of these models below. Although we have not included them in the supplement at this time, we will do so if the reviewer believes them to be useful.

Model output of a mixed effects model of offspring survival to age 2, where mothers experienced early maternal loss or the presence of a close in age sibling:

ParameterHazard Ratio Estimate\
(95% Confidence Interval)p valueMaternal Loss in Years 2-41.79\
(1.06-3.04)0.029Maternal Age at Offspring Birth0.98\
(0.93-1.05)0.43

Model output of a mixed effects model of offspring survival to age 2, where mothers did not experience early maternal loss or the presence of a close in age sibling:

ParameterHazard Ratio Estimate\
(95% Confidence Interval)p valueMaternal Loss in Years 2-41.28\
(0.7-2.34)0.43Maternal Age at Offspring Birth0.98\
(0.92-1.04)0.43

Finally, to address the possible role of maternal age in offspring survival more broadly, we have built alternative models to the model presented in the main text that additionally include fixed effects of maternal age or maternal age and its interaction with maternal early adversity. Neither maternal age or its interaction with adversity were significant predictors in the models, a result that we reference in the Results section and include in Supplementary file 4 and Supplementary file 5.

> 2\) The logic of why short inter-birth interval is used to as a measure early maternal adversity, but not offspring adversity, is not clear to me.

We inadvertently made this point more complicated than it is. Because females who lose their dependent young often quickly become pregnant again, offspring with the closest-in-age siblings are offspring who themselves died young. In such cases, the close-in-age siblings often occurred *as a result of* the focal offspring's death, not as a *cause* of the focal offspring's death. Thus, including short interbirth interval as a source of offspring adversity would make our results uninterpretable. We have attempted to clarify this issue in the Results section.

> 3\) I do not find the analysis with the 10-minute focal follows (subsection "Maternal Early Life Adversity and Quantity of Maternal Care") to be very helpful, as it seems unlikely that much useful information about the hypothesis can be gleaned from that short of a time. Using such data to assess how early adversity could shape maternal care is, however, a good idea, and instead of presenting this analysis I would recommend instead including a paragraph about this hypothesis/suggested method in the Discussion section as an important area of future research.

We agree that this analysis does not provide the reader with sufficient information to justify its inclusion, and so have dropped it from the manuscript. Instead, as the reviewer suggested, we have added a paragraph to the Discussion section in which we highlight the hypothesis and outline the types of data that would be necessary to test it.

> 4\) In results the authors critique inconsistent sex-specific effects in human literature (Discussion section) -- but do the authors look for sex-specific effects in their analysis? Given prior research that suggests sex-differences in sensitivity to early environmental experience this seems like something important to assess.

In response to the reviewer's suggestion, we have added an analysis to the supplementary materials that considers offspring sex and interactions between offspring sex and maternal early adversity as fixed effects. These models do not perform better than the model reported in the main text. We reference this supplemental analysis in the Results section. We cannot differentiate between an explanation in which sex differences do not occur and one in which interaction effects are too small to detect in our analysis, due to power. We have therefore elected to leave sex-specific analyses out in the main text.

> 5\) I would have appreciated seeing more of a discussion of why the authors believe the variables that came out as significant -- in particular maternal death and a short interbirth interval -- are most strongly associated with offspring survival.

We thank the reviewer for this helpful suggestion. In the Discussion section we have added several sentences on this topic, linked to our discussion of maternal care.

> Reviewer \#3:
>
> This is an important study demonstrating a likely intergenerational maternal effect on juvenile survival among baboons at Amboseli, one of the longest running studies of its kind. The authors use multiple decades of data and a large sample to report evidence that a female\'s early life stress experiences can influence survival of their unexposed juvenile offspring, independent of their own early life experiences. This is an important finding that extends study of multi-generational parental effects to a long-lived mammal/primate. It also provides evidence against the applicability of the predictive adaptive response hypothesis in this setting. Overall, the paper is nicely written and clear, and I have relatively minor suggestions on how to improve it.
>
> The biggest issue that I see is in the set up and framing with respect to past literatures -- the importance of the study is framed with respect to the human chronic disease-motivated DOHaD literature, which seeks to understand the developmental contributions to late life outcomes like diabetes or CVD. This study, in contrast, focuses on juvenile mortality. The authors do not provide adequate information on the most typical causes of juvenile death. And in any case, it is hard to see juvenile mortality (which I assume ultimately traces back to factors like resource access, social capital, violence?) as a model or analogue for the types of pathways and outcomes studied by DOHaD.
>
> Which makes me wonder whether it might be more appropriate, and more to the point, to frame the primary contribution and motivation of this paper with respect to the parental effects literature, rather than DOHaD. I see little similarity (biologically) between what is being studied here and what the DOHaD literature studies, so it feels a bit distracting to have DOHaD as the opening framing -- especially given that the authors never come back to that literature or discuss the limited insights that these findings provide into it. Another possible, generic framing is a test of the PAR idea -- these findings showing pretty clear evidence against its applicability in this case.

We thank the reviewer for these helpful comments, which have caused us to edit our text in several ways. First, we agree that our inclusion of a list of morbidities and sources of mortality in the first paragraph of the introduction might lead readers to think that we would present a comparable analysis of causes of death. To eliminate this problem, we have re-written this statement in the Introduction as follows, "For example, in humans, low early life socioeconomic status predicts increased increased risk of mortality and many measures of poor health (Beebe-Dimmer et al., 2004; Frankel et al., 1999; Galobardes et al., 2004; Kittleson et al., 2006; Kuh et al., 2002; Lidfeldt et al., 2007; Naess et al., 2004; Smith et al., 1998; Van De Mheen et al., 1998)."

We have also substantially reduced the scope of our discussion by arguing only that our study should inspire similar studies in humans, instead of attempt to directly link our findings to human health.

We view our study as connected to an extended version of the DOHaD hypothesis that seeks to quantify the persistence of developmental perturbations over time, including in subsequent generations. However, we agree that our analysis also fits into the literature on parental effects, and we have reframed our introduction accordingly (Introduction).

These modifications in our text are meant to remove our reliance on the DOHaD literature for framing.
